Abstract : Flood waves resulting from flash floods and natural dam overtopping have been responsible for numerous losses. In the present study, surging waters down a flat stepped waterway (θ = 3.4º) were investigated in a 24 m long chute. Wave front propagation data were successfully compared with HUNT's (1982HUNT's ( ,1984 theory. Visual observations highlighted strong aeration of the leading edge. Instantaneous distributions of void fractions showed a marked change in shape for (t -t s )* g/d o ~ 1.3, which may be caused by some major differences between the wave leading edge and the flow behind, including non-hydrostatic pressure distributions, plug-slug flow regime and different boundary friction regime. Practically, the results quantified the large amount of entrained air (i.e. 'white waters') at the wave front, which in turn reduces buoyancy and could affect sediment motion at the leading edge because the sediment relative density is inversely proportional to the entrained air content.
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where g is the gravity acceleration and f is the Darcy friction factor which is assumed constant. Equations (1) to (4) are valid once the dam break wave has travelled more than 4 times the reservoir length and that the freesurface is parallel to the bottom of the sloping channel. Equation (2) 
where d is the depth (or thickness) measured normal to the bottom.
The elegant development of HUNT (1982 HUNT ( , 1984 was verified by several series of experiments (e.g. HUNT 1982 , 1984 , NSOM et al. 2000 )
EXPERIMENTAL APPARATUS
Experiments were performed in a 24 m long 0.5 m wide flume (Fig. 1 ). The channel slope was S o ≈ 0.065 (i.e. θ = 3.4º). The flow rate was delivered by a pump controlled with an adjustable frequency AC motor drive Taian T-Verter K1/N1 (Pulse Width Modulated design), enabling an accurate discharge adjustment in a closed-circuit system. The flow was fed through a smooth convergent nozzle (1.7 m long), and the nozzle exit was 30 mm high and 0.5 m wide. Bed roughness was artificially generated by two stepped configurations detailed in Table 1 . Two relevant studies are further listed in Table 1 .
In steady flow conditions, flow rates were measured with a Dall™ tube flowmeter, calibrated on site with a sharp-crested weir. The accuracy on the discharge measurement was about 2%. The surging flow was studied . "Experimental Study of Flash Flood Surges Down a Rough Sloping Channel. " Water Res. Res., Vol. 40, No. 3, paper W03301, Ref. 10.1029 /2003WR002662, 12 pages (ISSN 0043-1397 .
Page 4 with high-shutter speed still-and video-cameras : i.e., a VHS video-camera Panasonic™ NV-RX10A (speed:
25 frames/sec., shutter: sport mode, zoom: 1 to 14), a digital video-camera handycam Sony™ DV-CCD DCR-TRV900 (speed: 25 fr/s, shutter: 1/4 to 1/10,000 sec., zoom: 1 to 48) and a digital camera Olympus™ Camedia C-700 (shutter: 1/2 to 1/1,000 sec., zoom: 1 to 27) (e.g. Fig. 1B & 2) .
Air-water flow properties were measured with a series of conductivity probes. Each probe sensor consisted of a sharpened rod (∅ = 0.35 mm) insulated except for its tip and set into the second tubular electrode (∅ = 1.42 mm). The probe output signals were scanned at 10 kHz per channel for six seconds. Data acquisition was triggered manually immediately prior to the flow arrival. At each location x', one probe (i.e. reference probe)
was set on the invert, acting as a time reference, while the other probes were set at different elevations ( Fig. 2). Each experiment was repeated until sufficient data were obtained at each profile. The displacement of the probes in the direction normal to the invert was controlled by a fine adjustment travelling mechanism. The error in the probe position was less than 0.2 mm and 2 mm in the vertical and horizontal directions respectively. Further informations and the full data set were reported in CHANSON (2003) .
Signal processing
Each step was painted with red and white stripes spaced 50 mm apart ( Fig. 1B & 2) . Video-taped movies were analysed frame-by-frame. The error on the time was less than 1/250 s, and the error on the longitudinal position of the wave front was +/-1 cm. In experiments Series 1, two video footages were taken for each experiment. In experiments Series 2, three video recordings were taken per experiments. All video results are presented in terms of the average over two or three recordings.
In steady flows, the void fraction C is the proportion of time that the probe tip is in the air (e.g. CHANSON 1997a CHANSON , 2002 . In unsteady gas-liquid flows, the processing technique must be adapted. Few studies considered highly unsteady gas-liquid flows (e.g. STUTZ and REBOUD 2000) . In the present study, the instantaneous void fractions were calculated during a short time interval ∆T such as ∆T = ∆X/U where U is the surge front celerity measured with the video-cameras and ∆X is the control volume streamwise length (Fig. 1A) . After preliminary tests, the basic control volume minimum size was set at 70 mm to contain at least 5 to 20 bubbles, that is consistent with the processing technique of STUTZ and REBOUD (2000) . Channel." Water Res. Res., Vol. 40, No. 3, paper W03301, Ref. 10.1029 /2003WR002662, 12 pages (ISSN 0043-1397 .
CHANSON, H. (2004). "Experimental Study of Flash Flood Surges Down a Rough Sloping
Page 5
Flow conditions
Prior to the start of each experiment, the recirculation pipe system and convergent intake were emptied. The stepped chute was initially dry. The pump was rapidly started and reached nominal flow rate in 5 seconds: that is, at least 10 seconds prior to the water entering the channel. The flow rate Q(t=0+) was maintained constant until at least 10 seconds after the surge reached the channel downstream end. Previously, steady flow experiments were conducted in the same channel with a smooth invert and both stepped configurations (CHANSON 1997b, CHANSON and TOOMBES 2002) . The steady air-water flow results provided limiting conditions for the present unsteady flow results.
Although the nozzle produced a high-velocity jet flow at the upstream end, strong flow deceleration was measured upstream of the first brink and downstream of the first drop. A comparison between experiments in the present chute and experiments performed on an uncontrolled chute of similar slope and stepped geometry showed that the inflow conditions had little impact, but at the upstream end (CHANSON and TOOMBES 2002) . In the present study, most experiments were focused on the downstream end of the chute (i.e. x > 10 m)
where the effects of inflow conditions were small.
EXPERIMENTAL RESULTS. (1) Visual observations
For each experiment, the surge burst out of the nozzle before propagating down the stepped invert. It took about 7 to 11 seconds to reach the end of the 24 m long flume, depending upon the initial flow rate. Visual observations showed that the surge front propagated as a succession of free-falling nappe and horizontal runoff for all flow rates and geometries. That is, at the end of each step, the advancing surge took off, becoming a free-falling jet which impacted onto the downstream step face. Downstream of nappe impact, the surge flowed horizontally up to the downstream end of the step. Figure 1B illustrates the wave front taking off at the downstream end of a step, while Figures 1A and 2 show the horizontal runoff flow.
The observations emphasised that the wave front was highly aerated, in particular for the larger flow rates ( Fig. 1B & 2) . The photographs highlight further the chaotic nature of wave front, with strong spray, splashing and wavelets. Visually the surge leading edge had a similar appearance to that observed during the Brushes Clough dam spillway tests (BAKER 1994) , the flash flood propagation through the Glashütte township . "Experimental Study of Flash Flood Surges Down a Rough Sloping Channel. " Water Res. Res., Vol. 40, No. 3, paper W03301, Ref. 10.1029 /2003WR002662, 12 pages (ISSN 0043-1397 
EXPERIMENTAL RESULTS. (2) Surge front propagation
The propagation of the surge leading edge was recorded for a range of unsteady flow conditions (Table 1) .
Dimensionless locations of wave front x s /d o are presented in Figure 3 as a function of the dimensionless time t* g/d o , where g is the gravity acceleration, x s is the distance along the pseudo-bottom formed by the step edges measured from the channel upstream end and d o is a measure of the initial flow rate:
where Q(t=0+) is the initial flow rate for t > 0, and W is the channel width. Physically d o would be the initial reservoir water depth for a surge propagation down a horizontal initially dry channel (e.g. HENDERSON
1966, MONTES 1998).
Figure 3 presents also dimensionless wave front celerity data U/ g*d o . The wave front celerity was measured over one step length : i.e., the velocity was averaged between one step edge and the next one. For small flow rates (Q(t=0+) ≤ 0.04 m 3 /s), the wave front celerity U was relatively uniform along the 24 m long chute. For larger discharges, the celerity seemed to increase slightly over the first 4 to 6 steps. Further downstream, a gradual decay was observed. In average, for all flow rates and stepped geometries, the dimensionless wave front celerity at the end of the chute was about: U g * d o ≈ 1.5 end of 24 m long stepped chute (7) In the downstream half of the chute, experimental data were compared successfully with HUNT's (1982) theory. For t* g/d o ≥ 35, a fair agreement with HUNT's theory was achieved assuming an equivalent DarcyWeisbach friction factor f = 0.05, irrespective of the flow rate and chute configuration ( HUNT's theory was developed for smooth inverts. It is believed that the present study is the first application of HUNT's theory to very-rough inverts and stepped inverts. This theory provides an exact, analytical development which is an useful modelling tool.
Wave front propagation along a single step
Although Figure 3 suggests an almost linear relationship between surge front location and time, the wave propagation along each step was not smooth. It consisted of nappe take-off at the upstream step edge, freefalling jet, nappe impact and horizontal runoff toward the downstream end of the step. Dimensionless wave front celerity data U/ g*d o measured on a single step are presented in Figure 4 . Figure 4A shows experimental results at one step for three flow rates, while Figure 4B presents experimental data at several steps for one flow rate. In Figure 4 , U is the magnitude of the wave celerity : U = U x 2 + U y 2 , where the subscripts x and y refer to the measured horizontal and vertical celerity component respectively. Although U = U x downstream of nappe impact, the vertical celerity component must be accounted for in the free-falling nappe. Experiments at two step locations for five flow rates (Series 2) demonstrated that the vertical component of wave front celerity U y satisfied the motion equation and hence basic trajectory equation: i.e., U y ∝ t' ∝ x', where t' is the time from take-off and x' is the horizontal distance from the step vertical face.
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Overall the data highlighted nappe acceleration in the free-jet followed by a gradual flow deceleration downstream of nappe impact (Fig. 4) .
EXPERIMENTAL RESULTS. (3) Surge front aeration
Void fractions were recorded at two steps (steps 10 & 16) for three flow rates. On each step, measurements were performed at five locations x' (Fig. 1A) . Typical void fraction distributions are presented in Figure 5 where void fractions were calculated during a short time interval ∆Τ such as ∆Τ = ∆X/U where U is the measured surge front celerity and ∆X is the control volume streamwise length. In Figure 5 , the vertical axis is At the front of surging waters, the void fraction distributions had roughly a linear shape :
where Y 90 is the characteristic location where the void fraction equals 0.9. For larger times (t -t s ), the distribution of air concentration was reasonably well described by a diffusion model developed for steady flows : At the leading edge, the shape of the propagating surge followed closely the wave shape predicted by HUNT's 
where (Y 90 ) steady is the steady flow characteristic depth where C = 90%. A typical data set is shown in Figure 7 and compared with Equation (10).
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Discussion
Void fraction data (e.g. Fig. 5 ) highlighted consistently a major change in void fraction distribution shape for (t -t s )* g/d o ~ 1.2 to 1.5. For (t -t s )* g/d o < 1.2, the void fraction data exhibited a quasi-triangular distribution, while air concentration profiles had a S-shape for larger times.
Several explanations may be proposed, including a non-hydrostatic pressure field in the leading front of the wave, and some change in air-water flow structure between the leading edge and the main flow associated with a change in rheological fluid properties. Further visual observations seem to suggest some change in gasliquid flow regime, with some plug/slug flow at the leading edge and a homogenous bubbly flow region behind. There might be also a change in boundary friction regime between the leading edge and the main flow behind.
All these mechanisms would be consistent with high-shutter speed movies of leading edge highlighting very dynamic spray and splashing processes.
APPLICATIONS
Present results provide quantitative information on the propagation of surge waves and flash floods down sloping waterways with large roughness. Although developed for smooth channels, HUNT's (1982 HUNT's ( ,1984 theory may be applicable and a typical Darcy friction factor of f = 0.05 is appropriate for flat stepped and steppool geometries.
The data emphasised further the large air content of the surge leading edge. The result has direct implications in terms of sediment processes at the leading edge of flash flood and swash zone runup on beaches. The sediment transport rate is a function of the relative sediment density s = ρ s /ρ, where ρ s is the sediment density and ρ is the fluid density. Known formula of total sediment transport rates yield :
where q s is the sediment transport rate per unit width and the exponent n ranges from 0.5 to 3 typically (e.g. ENGELUND and HANSEN 1967 , GRAF 1971 , VAN RIJN 1984 . At the surge leading edge, the average fluid density is basically ρ*(1 -C mean ) where ρ is the clear-water density and C mean is the depth-averaged void fraction (e.g. Fig. 6 ). For a mean void fraction 50%, the term (s -1) equals 4.3 (compared to 1.65 in Channel." Water Res. Res., Vol. 40, No. 3, paper W03301, Ref. 10.1029 /2003WR002662, 12 pages (ISSN 0043-1397 .
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Page 11 clear-water) for quartz particles. Equation (12) implies that, at the surge leading edge, the flow aeration, and the lesser relative sediment density, could cause a drastic reduction in transport rate. Considering that the Shields parameter is proportional to (s -1) -1 and that the particle settling velocity is proportional to (s -1), a lesser buoyancy, all other parameters being identical, might induce lesser sediment bed load and suspension motion.
The above reasoning is based upon the effects of flow aeration with all parameters, including turbulence, being identical. It is off course acknowledged that the surge front is highly turbulent (e.g. CAPART and YOUNG 1998) . In any case, the large amount of air entrainment (i.e. 'white waters') observed at the surge leading edge increases the relative density of sediment particles and might affect the sediment motion. Several explanations were proposed, suggesting some major change in air-water flow properties between the wave leading edge and the surging waters behind. The strong aeration of the surge front might have some impact on sediment motion near the leading edge, because the sediment relative density is inversely proportional to the air and water fluid density. This point must be further investigated in movable-bed channels, although a study of three-phase flow (air, water, solid) is challenging. Channel." Water Res. Res., Vol. 40, No. 3, paper W03301, Ref. 10.1029 /2003WR002662, 12 pages (ISSN 0043-1397 .
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APPENDIX I -VOID FRACTION DISTRIBUTIONS IN SUPERCRITICAL OPEN CHANNEL FLOW
In supercritical open channel flows, free-surface aeration or 'white waters' occurs when turbulence acting next to the free-surface is large enough to overcome both surface tension for the entrainment of air bubbles and buoyancy to carry downwards the bubbles. Assuming a homogeneous air-water mixture for 0 < C < 90%, the advective diffusion of air bubbles may be analytically predicted. At uniform equilibrium, the continuity equation for air in the air-water flow yields :
where C is the void fraction, D t is the air bubble turbulent diffusivity, u r is the bubble rise velocity, θ is the channel slope and y is measured perpendicular to the mean flow direction. The bubble rise velocity in a fluid of density ρ*(1-C) equals :
where (u r ) Hyd is the rise velocity in hydrostatic pressure gradient (CHANSON 1995 (CHANSON ,1997 . A first integration of the continuity equation for air leads to : Equations (I-4) and (I-6) were first derived by CHANSON and TOOMBES (2001) . Channel." Water Res. Res., Vol. 40, No. 3, paper W03301, Ref. 10.1029 /2003WR002662, 12 pages (ISSN 0043-1397 .
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